Abstract The Lower Cretaceous aquifer (Malha sandstone aquifer) represents the main aquifer in east Central Sinai. The hydrogeological evaluation of the aquifer is based on the data of 14 selected deep wells. The objective of this paper aims to elucidate the hydrogeological characteristics of the Lower Cretaceous aquifer. The groundwater of Lower Cretaceous aquifer exists under confined conditions. The top surface of the Lower Cretaceous dips steeply towards the southwest direction. The average sand percent of the penetrated aquifer attains 54%. The groundwater flow direction of Lower Cretaceous aquifer is concentric to the center of study area related to the influence of the graben block. The general hydraulic gradient reaches 0.0011 in southwestern portion, while it reaches 0.0028 in central portion of study area. The average effective porosity and transmissivity and hydraulic conductivity of the Lower Cretaceous aquifer are 17.3%, 416 m 2 /day and 1.4 m/day, respectively. They increase towards the northeast direction with increasing of the sand percentage.
Introduction
The Lower Cretaceous aquifer in Central Sinai represents the main aquifer. During the last few decades groundwater exploitation in the Sinai Peninsula has increased dramatically, mainly due to an increase in irrigated agriculture, tourism and industry. To meet the needs of drinking water for future generations, sustainable watershed management is essential for drinking water supply especially in semiarid areas, and requires a more detailed knowledge about the hydrogeology of the Lower Cretaceous aquifer. The Lower Cretaceous aquifer in the study area is considered to be the most important groundwater reservoir in this area providing large amounts of water for the development of this promising area. This paper describes the hydrogeology of Lower Cretaceous aquifer in east Central Sinai.
The study area lies in the east Central Sinai and extended to the eastern Egyptian border (Fig. 1) . It is located between longitudes 34°00 0 E and 34°30 0 E and latitudes 30°15 0 N and 30°45 0 N. This area lies in an arid transitional climatic zone between the influence of the Sahara and the Mediterranean systems of North Africa. The rainfall attains a relatively low precipitation ranges between 14 and 26 mm/year, however, the pluvial paleo-climate has its effect on the hydrologic regime of the area. The average temperature ranges between 8 and 15°C in winter and between 21 and 27°C in summer. The natural evaporation ranges between 6.5 and 15 mm/day in winter and summer, respectively (WRRI, 1995) .
The present work aims to elucidate the hydrogeological characteristics of the Lower Cretaceous aquifer. This depends on the new hydrogeological and hydrologic data for 14-deep drilled wells as well as hydrochemical analyses of representative groundwater samples. The main geomorphological units of study area (after Hassanin, 1997) . Contribution to the hydrogeology of the Lower Cretaceousaquifer in east Central Sinai, Egypt
Geomorphological setting
Several geomorphological studies have been made for individual parts of the investigated area. The most important studies were made by Shata (1960) , Said (1962) , Hammad (1980) , and Hassanin (1997) . The surface of study is geomorphologically subdivided into distinct geomorphic units according to Hassanin (1997) as shown in Fig. 2 . 
The watershed areas (highlands)
These units receive the rainwater and classified into the Egma plateau, hilly area and elevated mountain. El-Egma plateau represents the principal watershed area in the study area. This plateau is mainly composed of Lower Eocene chalky limestone with chart bands. Its surface is dissected by many consequent drainage lines that form the intake portion of Wadi El-Arish. 900  154  600  900  300  45  À101  8  Grur  860  150  660  860  200  62  À190  3653  9  Gaifi  842  140  690  830  140  60  À150  5285  10  Sabha  900  151  700  900  200  54  À192  2510  11  Halal 1  850  163  550  850  300  46  À187  12  Halal 2  850  550  850  300  45  À150  2880  13  Monbateh  1004  750  1004  254  59  À464  14  Hodaybia  850  115  620  850  222  58  À210  4697 Hilly areas constitute very prominent land features represented by the folded blocks. These folded blocks are formed of elevated and isolated mountains arranged in several rows running in northeast southwest direction (Syrian Arc trend). Numerous wadis that are mostly developed along the fault lines excavate these mountains. Some of these wades have fair groundwater supplies and favorable soil potentialities.
An elevated mountain reveals wide variations in its size and composition depending upon the local structural setting and the weathering processes. The core of the elevated mountain exposes of Triassic formation (Gebel Arif El-Naqa) and Lower Cretaceous sandstone (Gebel El-Halal).
The water collectors areas
The water collectors are represented by the lowland areas (hydrographic system, intermountains plains and sand dunes and sheets). These lowland areas store and collect the surface water and recharge the groundwater.
Geological setting
The main surface geology is described in the geological map of Sinai at a scale 1:500,000, performed by (CONOCO, 1987) and is shown in Fig. 3 . The study area is mostly covered by Quaternary deposits composed of alluvium and sand dunes deposits. (Fig. 4) . Its stratigraphy and structures are strongly interrelated and have a great impact on the groundwater quality and potential.
The geology of Central Sinai is delineated by different authors among them are: Shata (1956) , Said (1962 Said ( , 1990 , ElShazly et al. (1974) , El-Ghazawi (1989) , Hassanin (1997) and Ali (2006) .
Lower Cretaceous is represented by Malha Formation, which is composed sandstone and clay succession that were formerly lumped under the Nubia sandstone. In other word, the sandstone succession of Lower Cretaceous Formation in the south gradually changes in facies into shaly and calcareous sequence in north which is locally called as Risan Aneiza Formation (Said, 1971) . The Triassic sediments outcrop only in the core of Gebel Arief El-Naqa. Areif El-Naqa For- Figure 7 Top surface map of Lower Cretaceous aquifer related to Sea Level. mation is composed of sandstone with interbeds of variegated shale.
The structural pattern of east Central Sinai shows that folding is much more pronounced than faulting. The area of study displays the strongly folded province (Shata, 1956 ). This structure plays a great role to the influence on the hydrogeologic setting. This is reflected on the groundwater occurrence, replenishment, movement and potentialities. This belt is char- Figure 8 Hydrogeological cross-section in study area. acterized by extensive anticline mountain arranged in parallel lines oriented in ENE-WSW direction separated by vast synclinal flat plains (Hassanin, 1997) . Faulting is common and has a pronounced influence on the local topographic and groundwater flow. A panel diagram (Fig. 5) is constructed for the subsurface of Lower Cretaceous Formation (Nubia Formation) and post-Nubia Formations in the study area. This diagram shows that the thickness of post-Nubia Formations increases towards the southwest direction, while the thickness of Lower Cretaceous Formation decreases in the same direction.
Hydrogeological setting
Lower Cretaceous aquifer in the study area is represented by Malha sandstone aquifer. It is considered as the main aquifer in the investigated area. Accordingly, the evaluation of this aquifer in the study area is very important for the development of this area.
Lower Cretaceous aquifer is directly rested on the Jurassic sandstone aquifer (Ali, 2006) . The Jurassic aquifer is characterized by high groundwater salinity. The concerned aquifer is mainly composed of vari-colored, medium to coarse-grained sandstone with dark, sticky claystone interbeds. It was deposited under continental fluviatile environment.
The penetrated thickness of the investigated aquifer ranges from 140 m (well no. 9) to 327 m (well no. 4). The sand percentage of the penetrated thickness of this aquifer varies from 42% (well no. 5) to 66% (well no. 3) and its average reaches 54%. Generally, this sand percentage of this aquifer increases towards the east direction (Fig. 6) . The total depth of the drilled wells ranges from 842 m in well no. 9 to 1375 m in well no. 1 (Table 1 ). The top surface of Lower Cretaceous aquifer is recorded at depths ranging between À875 m under sea level at well no. 1 and À15 m at well no. 4 (Table 1) . The top surface of the Lower Cretaceous dips steeply towards the southwest direction (Fig. 7) .
The groundwater of Lower Cretaceous aquifer exists under confined conditions. This aquifer is hydraulically connected with both the underlying Jurassic sandstone aquifer and overlying post-Nubia. This is attributed to the faulting, where the present aquifer comes in contact with each other as a result of faulting displacement (Fig. 8) . The productivity of the wells tapping Lower Cretaceous sandstone aquifer varies from 20 m 3 /h (well no. 7) to 75 m 3 /h (well no. 4). The drawdown of the concerned aquifer ranges from 1.23 m (well no. 8) to 47.57 m (well no. 1) as shown in Table 2 . The higher drawdown is attributed to the aquifer in this well has low effective porosity. On the other hand, the lower drawdown in well no. 8 is related to the aquifer in this well has high sand percentage and effective porosity.
Groundwater flow
The Lower Cretaceous sandstone aquifer is detected in all the drilled wells in the study area and represents the main exploitable aquifer. The piezometric surface of the present aquifer ranges between 174 m (asl) in well no. 1 at southwestern portion of the study area and 115 in well no. 14 at central portion of the investigated area. The piezometric contour map reveals that the groundwater flow directions are concentric to the center of the study area (Fig. 9) . This is attributed to the influence of the graben block (Fig. 8) . The general hydraulic gradient reaches 0.0011 in southwestern portion, while it reaches 0.0028 in central portion of the study area. The steep hydraulic gradient of Lower Cretaceous sandstone aquifer in the central area than other areas is attributed to the influence of graben block.
Hydrologic properties
The hydrologic properties of the Lower Cretaceous aquifer in east Central Sinai area are determined based on laboratory techniques. They comprise the following (Table 2) 
The effective porosity of the investigated aquifer is determined from the geophysical well logging data applying Archie equation (1942) . The effective porosity is obtained by the following equation:
ðin sodium chloride water typeÞ where U eff is the effective porosity in percent, Rt is the true resistivity in X m and Rw is the formation of water resistivity in X m.
The true resistivity (Rt) is determined by correction of the long resistivity log(R 64 00 ) or (R LLD ) and short normal resistivity log(R 16 00 ) or (R LLS ). The true resistivity (Rt) is obtained by the following equation:
. The effective porosity of the investigated aquifer varies from 15.5% (well no. 1) to 19% (well no. 9) as shown in Table 2 , with an average effective porosity reaches 17.3%. The effective porosity of the studied aquifer increases towards the northeast direction with increasing of the sand percentage as shown in Fig. 10 .
Transmissivity
The transmissivity of the concerned aquifer is estimated by the analyses of the obtained data of the pumping test (WRRI, 2001) . The original raw data of pumping test which are ob- Figure 10 Porosity contour map of the Lower Cretaceous aquifer.
tained through the present work are analyzed by using Cooper and Jacob method (1946) and GWW computer program. Transmissivity of the investigated aquifer is calculated for five wells distributed in the study area ( Table 2 ). The analysis of constant discharge test was executed using Cooper and Jacob method. This method was presented by Cooper and Jacob (1946) and discussed by Kruseman and de Ridder (1990) . The assumptions of this method are satisfied by the present hydrogeological conditions in the studied area.
The calculated transmissivity of the concerned aquifer ranges between about 110 m 2 /day (well no. 1) and 575 m 2 / day (well no. 8) as shown in Table 2 with averages of about 416 m 2 /day. The low transmissivity of well no. 10 is attributed to this well have low sand percent. On the other hand, the high transmissivity of well no. 8 is due to this well has high saturated thickness and sand percent. Distribution transmissivity map is compiled for the Lower Cretaceous sandstone aquifer (Fig. 11) . It reveals that the transmissivity of the concerned aquifer increases towards the northeast direction with increasing of sand percent and effective porosity.
Hydraulic conductivity
The hydraulic conductivity (K) of the aquifer is determined by the substitution of effective porosity in Marotz equation (1968) . The effective porosity is calculated by using Arachi equation. The hydraulic conductivity is obtained by the following equation:
where U eff is the effective porosity in decimal and K is the hydraulic conductivity in cm/s.
The hydraulic conductivity of the investigated aquifer ranges from 0.94 m/day in well no. 1 (southwestern portion) to 2.05 m/day in well no. 9 (northeastern portion) and its average attains 1.4 m/day. It increases due northeast (Fig. 12) with increasing of effective porosity and sand percentage.
Hydrochemical characteristics
The hydrochemical characteristics of Lower Cretaceous aquifer depend on the analyses of nine groundwater samples (Table  3 ). Those will be described herein through the following.
The groundwater salinity
The groundwater salinity of the studied aquifer reveals a great variation reflecting the effect of the facies changes, the structural effect and the hydrochemical processes. It varies from Figure 11 Transmissivity distribution map of Lower Cretaceous aquifer. 2510 ppm (well no. 10) to 5256 ppm (well no. 9), where it is brackish water. The low groundwater salinity is related to this well which is located in the upthrown side of the fault (Fig. 8) , where the faults are generally accompanied by the presence of best groundwater especially on their upthrown sides (Youssef and El-Saady, 1964) . The high salinity of well no. 9 is essentially attributed to this well which is located in graben block, where the groundwater moves due graben and increases salinity with flow direction. The constructed groundwater salinity for this aquifer reveals an increase of groundwater salinity due central of the study area with groundwater flow direction (Fig. 13) .
Ion dominance
The ion concentrations, the sodium and chloride dominate the other ions in the majority of the groundwater samples. 
The hypothetical salt
The hypothetical salt assemblages: the dissolved salts in the groundwater of the studied aquifer are grouped into two assemblages of hypothetical salts combinations as the following (Table 4) It is noticed that the above two groups comprise MgCl 2 and CaCl 2 salts of marine origin. This is attributed to the present aquifer which is hydraulically connected with post-Nubia limestone aquifers rich in marine salts.
Hydrochemical facies
Durov's diagram (Durov, 1948) gives more information on the hydrochemical facies and the evolution of groundwater quality. It helps in identifying hydrochemical facies or water types and can indicate mixing of different water types, ion-exchange and reverse ion-exchange processes. The expanded Durov's (Fig. 14) was used to help in classifying groundwater types and identifying hydrochemical facies in the study area. The groundwater types of the Lower Cretaceous aquifer were formed to belong to two hydrochemical facies, according to their order of importance; the types were 8 and 9. Type 8 is chloride anion, and has no dominant cation (wells 2, 3, 8 and 9) . The last type 9 is chloride and sodium ions as dominant (wells 1, 4, 10 and 12) indicating the end point water.
Groundwater quality
Different chemical quality standards have been established for evaluating the water suitability for drinking, domestic, livestock and irrigation uses (Table 5 ). In the present study the groundwater suitability for different uses is based on the concentration of its major ion constituents.
Groundwater quality for drinking and domestic uses
The evaluation of groundwater quality for drinking and domestic uses is attempted depending on some international standards, suggested by the World Health Organization (WHO, 1993) . The groundwater samples have total dissolved solids (TDS) that exceed the safe limits for drinking use. So, the groundwater in the area is not suitable for drinking.
Groundwater quality for livestock and poultry uses
The evaluation of the groundwater for livestock and poultry uses is based on the National Academy of Science (1972) limitations. According to the classification of National Academy of Science (1972) , the groundwater in the study area can be classified into two main categories: (a) very satisfactory (TDS 1000-3000 mg/l) for the groundwater in the wells nos. 2, 4, 10 and 12. (b) Satisfactory water for livestock and poor for poultry (TDS 3000-5000 mg/l) in wells nos. 3, 5 and 8. On the other hand, the groundwater in wells nos. 1 and 9 can be used with reasonable safety for livestock and not acceptable for poultry.
Groundwater quality for irrigation purposes
Several chemical constituents affect water suitability for irrigation from which the total concentration of the soluble salts and the relative proportion of sodium to calcium and magnesium. Moreover suitability of water for irrigation is depended on the effect of some mineral constituents in the water on both the soil and the plant. The groundwater quality in the area is evaluated also taken both the TDS and SAR values in consideration based of the irrigation water which based in turn on EC or TDS and SAR. The analyzed samples were plotted on US Salinity Laboratory Staff Method (1954) as shown in Fig. 15 . The groundwater in the study area can be classified into three categories: (a) water of very high salinity and medium sodium (C4S2); this class includes groundwater sample no. 2, which presents an appreciable sodium hazard in the fine-textured soils especially under low-leaching conditions. This water category is satisfactory for salt tolerant crops and soils of good permeability with special leaching. (b) Water of very high salinity and high sodium (C4S3); this class includes groundwater samples nos. 4 and 10. These groundwater samples are unsuitable for irrigation in most soils and require special soil management, good drainage, high leaching and organic matter additions. (c) Water of very high salinity and very high sodium (C4S4); this class includes groundwater sample no. 12. It is unsuitable for Figure 13 Distribution map of groundwater salinity of Lower Cretaceous aquifer. irrigation in most soils and requires special soil management, good drainage, high leaching and organic matter additions. On the other hand, the remaining groundwater samples nos. 1, 3, 5, 8 and 9 having high salinity and their EC are more than 5000 (lmohos/cm). So these samples lie out of the diagram.
Conclusions
1. In the study area, the Lower Cretaceous sandstone aquifer (Malha sandstone aquifer) is main source for groundwater. 2. The aquifer parameters (effective porosity, transmissivity and hydraulic conductivity) increase due northeast with an increase of the sand percentage.
3. The groundwater salinity for this aquifer reveals an increasing of groundwater salinity due central of study area coinciding with groundwater flow. 4. Evaluation of the concerned aquifer is achieved in the present work depending upon the new hydrogeological data for 14-drilled wells as well as hydrochemical analyses of some groundwater samples.
Recommendations
The cost of the extracted groundwater from the Lower Cretaceous sandstone aquifer is very expensive due to the pumps being installed at high depth ranging from 200 to 300 m below ground surface. It is recommended putting this groundwater to the best uses. 
